ABSTRACT
INTRODUCTION
Recognition of accretionary complexes has drastically changed the interpretation of Cordilleran-type orogenic belts. Some important new concepts derived from accretionary complexes include (1) structurally downward episodic growth; (2) tectonic mixing of oceanic materials with terrigenous sediments; (3) oceanward-vergent imbricated thrust sheets with localized back thrusting; (4) fossil age variation up to 100 m.y. within a single complex; (5) predominance of interlayered graywacke lithological units with minor melange; and (6) reconstruction of oceanic plate stratigraphy recording a travel history of annihilated oceanic plate (e.g., Matsuda and Isozaki, 1991) .
Rigorous analysis of accretionary complexes over the past 20 years has led to the conclusion that Franciscan-type melanges (including high-grade metamorphic blocks in a weakly metamorphosed matrix) are not primary structures in accretionary complexes. Although the Franciscan-type melange was originally regarded as one of the most characteristic facies of accretionary complexes (Hsü, 1968; Hamilton, 1969) , it is now clear that more coherent structural units are ubiquitous in most orogenic belts formed at the Pacific margins. The processes that create such accretionary complexes have been investigated in detail by direct drilling of toes of modern undersea accretionary complexes such as Barbados (Moore et al., 1988) and the Nanakai Trough (Taira et al., 1992) , but the tectonic processes involved in the creation of accretionary complexes that have undergone blueschist facies metamorphism have remained undetermined. Although lithology, structure, and chronology suggest an accretionary complex origin for blueschist terranes (e.g., Sedlock and Isozaki, 1990) , it is difficult to reconstruct the original structure related to accretion; intensive deformation and possible metasomatic effects obscure the original lithological differences.
We have documented well-preserved duplex structures of an accretionary complex, which is now metamorphosed to form jadeite ϩ quartz, in addition to glaucophane, lawsonite, and aragonite, in the Franciscan complex, California (Fig. 1) . Tectonic piling up of a sequence of basalts, pelagic cherts, and terrigenous shale with sandstone by layer-parallel faulting is well observed in the Pacheco Pass region, Diablo Range, California (Kimura et al., 1992; Ernst, 1993) . The underplated structures of oceanic materials indicate the subduction of a 200-m.y.-old oceanic slab ca. 130 Ma along the western coast of North America (Isozaki and Blake, 1994) .
FRANCISCAN COMPLEX AND GEOLOGY OF THE PACHECO PASS AREA
The Franciscan complex has traditionally been divided into three north-south-trending belts, the eastern, central, and coastal belts (e.g., Irwin, 1957) . The boundaries are subhorizontal to gently east dipping faults (Blake et al., 1967) . The Franciscan coastal belt underwent post-Eocene zeolite facies metamorphism and underthrust the central belt of high pressure-temperature (P-T ) regional metamorphism, including blueschist facies. The metamorphic P-T gradient is slightly lower in the eastern belt than in the central belt. The radiometric ages are clustered around 160 Ma in the eastern belt, whereas those of the central belt are younger, ranging from 76 to 122 Ma (Suppe and Armstrong, 1972) .
The lithology of the Franciscan is simple: dominantly turbidite facies with subordinate amounts of bedded cherts and greenstones. Turbidites make up more than 98% of the complex in the coastal belt, but less in the central belt and even less in the eastern belt; the oceanic materials increase correspondingly from the coastal through the central to the eastern belt with increasing metamorphic grade (Ernst et al., 1970) .
Although detailed research produced considerable data from the Pacheco Pass and nearby areas, the geology has not been interpreted because of the complicated lithology. Combining the results of 1986 data of the Pacheco Tunnel Geology and Exploration Program with our data sets, we have synthesized a geologic map outlining a structural relation among the different lithofacies in the area (Fig. 2) . We used the metabasaltmetachert association as a key to reveal the structure of the area, following the works of Ernst et al. (1970) .
The Franciscan complex in this area is divided into two domains, coherent and coherent-chaotic. The coherent domain is located southeast of Pacheco Pass (Fig. 2) . The original sequence of the coherent domain is basalt, bedded chert, and turbidites, in ascending order. The sequence is repeated three times because of layer-parallel faulting along the base of the basalt or chert ( Fig. 2 and thrust sheets A and B in Fig. 3 ). Small blocks of basalt or chert present locally in the turbidite horizon are olistolith blocks, because no deformation is observed in the surrounding matrix of shale.
The coherent-chaotic domain occupies the main part of the mapped area (Fig. 2) . Pillow basalts are covered by bedded cherts in many cases. This basalt-chert sequence is recognized as a coherent set and is traceable for several hundred metres to several kilometres. The sequence is covered by a chaotic assemblage composed of blocks of basalt or chert in a matrix of sheared shale. This assemblage is a kind of melange (in the sense of Raymond, 1984) that is different from the Franciscan-type melange (highly metamorphosed blocks in a slightly metamorphosed shale matrix). The bottoms of the basalt are cut by faults, so we can use the basalt-chert sequence as a key to subdivide the coherent-chaotic domain into several thrust sheets. A complete sequence of the thrust sheet, in ascending order, is metamorphosed basalt, chert, and chaotic melange. An incomplete sequence lacks chert on the basalt in many cases. The basalts vary in thickness from several metres to a few hundred metres. The chaotic horizon contains no high-grade metamorphosed blocks.
The metamorphic grade of the blocks is similar to that of the matrices, which are ubiquitously sheared. Metamorphism of the Franciscan Complex near the Pacheco Pass region has been investigated by many authors (McKee, 1962a (McKee, , 1962b Ernst et al., 1970; Maruyama et al., 1985; Ernst and Banno, 1991; Terabayashi et al., 1995) . All agree on the location of the isograd of the albite breakdown reaction that produced impure jadeite with quartz, although the three-dimensional boundaries are debated: vertical (suggested by W. Ernst) or subhorizontal (S. Maruyama). The jadeite zone corresponds to the pile of thrust sheets (A to M in Fig. 3 ). The highest grade part includes a basalt-chert sequence, whereas the overlying and underlying lower grade parts are dominantly turbidite sequences with lesser amounts of basalt-chert association.
DUPLEX STRUCTURE OF THE FRANCISCAN COMPLEX
In the central part of the mapped area, a dextral strike-slip fault trends north-south, similar to the general trend of the San Andreas fault. A folded thrust sheet that has a north-northwest-trending axis is recognized from the bending of foliation of the complex in the coherent domain (Fig. 2) . Sequences in the coherent domain face to the east, and those in the coherent-chaotic domain face mainly to the south or southeast in the area to the south of Pacheco Pass (Fig. 2) . The structural map is upside down in Figure 3a . Structurally lower units are located in the north, and all the thrust sheets face to the south or southeast. This map indicates the original duplex structure of the complex, as simplified in Figure 3b . The structurally highest part is an outlier on sheet B (Figs. 2  and 3a) , and the lowest one is an unnamed sheet located in the northwest corner of the mapped area. The highest and lowest sheets are characterized by a transition zone of metamorphic zonation (Terabayashi et al., 1995) , whereas most of the sheets are of the jadeite zone. Thrust sheets A and B are in the coherent domain of the upper structural part; the others are in the coherent-chaotic domain.
Eastward underthrusting and duplexing of the original sequence of basalts, chert, and chaotic melange more than 60 km long (bottom of Fig. 3b ) create a stack only several kilometres long (Fig. 3b) . First, sheet C was underplated beneath sheet B. Sheets D to I (GЈ is the western half of sheet G) were successively underplated beneath sheet C. Sheets J and K are lower units of these sheets. Sheets L and M and others were added beneath these thrust sheets (Fig. 3b) .
DISCUSSION-UNDERPLATING OF AN ACCRETIONARY COMPLEX
The sense of duplexing of the Franciscan Complex in the mapped area is consistent with an expected growth pattern for this accretionary complex: downward and westward growth as a result of eastward subduction of an oceanic plate beneath the North American continent. A sequence in the coherent domain shows an upper oceanic plate stratigraphy well documented in other accretionary complexes: in ascending order, these are basalts of the uppermost part of the oceanic crust, pelagic bedded cherts that originated from radiolaria ooze, hemipelagic sediments, and terrigenous turbidites (Taira et al., 1988; Matsuda and Isozaki, 1991) . This stratigraphy documents the birth of oceanic crust at a ridge (basalt), extended travel of the oceanic plate (sedimentation of pelagic cherts), approach to the subduction zone (hemipelagic sediments), and arrival at the trench (turbidites as trench-filling sediments). Similar sequences in the coherentchaotic domain also indicate a subduction process. The basalt-chert sequence is the same as that of the coherent domain, whereas the chaotic part (melange) is characteristic in this domain. The melange appears to have originated from decollementrelated shear, because (1) all the matrices are deformed and intensively sheared and (2) incomplete sequences of basalt-chert are common. The decollement shear zone would propagate downward and thicken due to strain hardening (Moore and Byrne, 1987) and would ultimately reach the oceanic crust (Kimura and Ludden, 1995; Fig. 4) . Propagation of the decollement from turbidites to basalts through pelagic sediments caused inclusion of the cherts and basalts successively into the melange. The GEOLOGY, January 1996decollement terminates along the lower part of the pillow-lava horizon of the oceanic crust in most accretionary complexes (Kimura and Ludden, 1995) . It is possible that slabs composed only of basalt were scraped off and underplated in the last stage of downward propagation of the decollement. This process appears to create an incomplete sequence of chert-basalt slabs. The difference in mode between the coherent and coherent-chaotic domains seems to depend on how the decollement propagated downward; i.e., step-down or gradually. If the propagation occurred step by step from some horizon in the turbidite to the base of the pillow-lava horizon in the oceanic crust, stacking of the coherent sequence would dominate and result in the formation of a coherent accretionary complex. If the decollement propagated gradually, a coherentchaotic type of complex or melange would develop in deep parts of the accretionary complex of the subduction zone (Fig. 4) .
Both types of accretionary complex are present in the circum-Pacific orogens. The Mino-Tamba Group of the Jurassic accretionary complex in Japan (Matsuda and Isozaki, 1991; Tamba Research Group, 1979 ) is a typical coherent accretionary complex showing little development of melange. The Shimanto Group in Japan and the Ghost Rock Formation on Kodiak Island, Alaska, include decollement-related melange just above the coherent basalt-chert sequence (Taira et al., 1988; Kimura and Mukai, 1991; Murata, 1991; Sakamoto et al., 1993) . Although these two types of accretionary complex are common in ancient examples, Franciscan-type melange, including high-grade metamorphic blocks in lowgrade matrices, is quite rare.
Modern examples of an accretionary complex from the Barbados Ridge (e.g., Moore et al., 1988) and the Nankai Trough (e.g., Taira et al., 1992 ) and others do not document accretion of oceanic basement in the shallow part of the subduction zone. Therefore, ancient accretionary complexes on land constitute the only clue to clarify the deeper process of subduction offloading. Underplating by duplexing is well documented in accretionary complexes on land, where they are metamorphosed to only zeolite to prehnite-pumpellyite facies or pumpellyite-actinolite facies (Kimura et al., 1992) . Although the lithology, structure, and chronology of blueschist terranes suggest an accretionary-complex origin, it is difficult to reconstruct the original structure because of complicated deformation. Apparent coherency of different lithologies at the outcrop scale does not imply a stratigraphic relation; bedding-parallel faulting can disrupt the bedding. Reconstructed duplex structure at a mappable scale documents a tectonic pile-up of the sequence by layer-parallel shear, detectable even in the outcrop scale. The Franciscan complex in the Pacheco Pass area is an example of the preservation of an original underplating structure in a deeply buried and jadetized accretionary complex.
